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1. INTRODUCTION

A good deal is yet unknown about the actual reaction mechanisms in propulsion
flames. It is becoming increasingly important that such mechanisms are known.
Propellant selection and optimization are dependent upon burning characteristics and the
products formed. Much modeling effort has been expended in an attempt to understand
these processes. However, experimental results upon which these models are based
vary with different diagnostic methods and flame conditions.

Over the past few decades, there has been significant progress in the study of
the structure of flames. Several laser spectroscopic techniques such as laser-induced
fluorescence (LIF) and multiphoton techniques such as resonance-enhanced
multiphoton ionization (REMPI) have yielded species concentration measurements with
a good degree of selectivity and spatial resolution (Lucht et al. 1983, Alden et al. 1982,
Goldsmith 1983). Flame temperatures have also been measured by LIF of the OH
radical employing its well-known A Bt e X 21'11 (1,0) band near 281 nm. The OH
radical has been the subject of many studies since it is ubiquitous in most flame systems
and can be modeled spectroscopically. However, there is evidence that strong photon
flux at short wavelengths can photolyze other major flame species and produce
anomalously high local concentrations of radicals such as O-atom that strongly perturb
local temperatures and concentrations of other trace species (Goldsmith 1987, Miziolek
and DeWilde 1984). More physically intrusive techniques such as gas-liquid
chromatography (GC) or mass spectrometry have also been used (Eltenton 1947, Serry
and Zabielski 1989, Banna 1979, Foner and Hudson 1953, Greene et al. 1964,
Homann et al. 1963, Biordi et al. 1973, Biordi et al. 1974, Vandooren et al. 1974,
Balakhnin et al. 1977, Puechberty and Cottereau 1983). As with the laser-based
techniques, these techniques have advantages for some flame species and flame
conditions and disadvantages for others. One experimental technique that has proven to
be particularly useful is molecular beam mass spectroscopy (MB/MS) (Foner and
Hudson 1953, Greene et al. 1964, Homann et al. 1963, Biordi et al. 1973, Biordi et al.
1974, Vandooren et al. 1974, Balakhnin et al. 1977, Puechberty and Cottereau 1983,
Revet et al. 1978).

Use of the supersonic expansion in forming the molecular beam effectively
"freezes out” the chemistry of the sampled volume, thus leading to the detection of both




stable and reactive species. In principle, the MB/MS technique should be the preferred
tool for flame structure studies since it can detect all major stable species, both reactants
and products, as well as all major radical species. Unfortunately, the insertion of the
quartz sampler into the flame regions leads to perturbation of the flow fields and local
temperatures. This deficiency was recognized early and considerable effort has been
expended towards quantifying the extent of the flame perturbation and assessing its
impact on experimentally measured temperature and species profiles (Biordi et al. 1974,
Revet et al. 1978, Smith 1981, Colket, III et al. 1982 Smith and Chandler 1986). In
general, a number of previous studies have concluded that the flame perturbation,
though measurable and not insignificant, was usually not so great as to make use of the
species profiles misleading (Revet et al. 1978, Biordi et al. 1973). However, this issue
is not completely resolved, and is still an active area of experimental concern.

One of the difficulties in ascertaining the degree of probe perturbation is the fact
that whenever comparisons have been made between MB/MS and other flame
diagnostic techniques, they have been made with only one or two flame species (Biordi
et al. 1973, Smith and Chandler 1986, Rosier et al. 1988), despite the fact that it is
well-recognized that every flame diagnostic technique suffers from some kind of
deficiency. For example, LIF and REMPI are generally only applicable to 1-3 atom
size molecules which have a well-defined and understood ultraviolet-visible absorption
spectrum. In addition, LIF requires strong to moderate fluorescence. The bulk of
flame species, particularly stable reactants and flame products, are not amenable to this
type of detection. Other LIF problems include the quantification of the fluorescence
signal. The signal is affected by collisional quenching by various species in the flame
and whose rate constants are generally unknown (Cattolica and Mataga 1991) and by
possible photochemical effects - particularly when the necessary laser probe
wavelengths are in the ultraviolet region and/or multiphoton processes are accessed.

Other optical diagnostic techniques such as Fourier-transform infrared (FTIR)
and tunable diode laser (TDL) absorption spectroscopies are affected by line-of-sight
considerations. In view of this situation, an apparatus such as the low-pressure burner
described in this report was developed such that each mentioned flame diagnostic is
available so that its strengths and weaknesses under the same experimental conditions
can best be ascertained. In this report we describe flame concentration profiles of H,




O, and OH obtained from a stoichiometric 20 Torr C;H4/O5/Ar flame utilizing MB/MS,
LIF, and REMPI techniques.

2. EXPERIMENTAL

The flames were supported on a commercial flat burner inside the low-pressure
chamber as shown in the schematic of the apparatus in Figure 1. Under proper gas
flow conditions the flame was one-dimensional with respect to the burner surface. In
order to increase the spatial resolution the flame was operated at reduced pressure.
Studies of low-pressure (or subatmospheric) flames have shown that the reaction zones
expand with minimal distortion as pressure is reduced (Gaydon and Wolfhard 1949,
Salmon and Laurendeau 1987). All of the flames in this report were operated at 20
Torr absolute pressure. Flow rates of C2Hy, Oz and Ar were 0.4, 1.2 and 2.8 standard
liters/minute, respectively.
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The vacuum chamber consisted of a stainless steel cylinder with an inside
nominal diameter of 25 cm and a height of 40 cm which can be easily evacuated to less
than 1 Torr using a 50-cfm direct drive vacuum pump. Typically, the chamber pressure
is in the 5-50 Torr range for the flames studied to date and was maintained with a
baratron pressure gauge with pressure controller. As shown in Figure 1 various
observation ports were placed in locations convenient to the placement of laser beams
and detectors. This arrangement, of necessity, required optical measurements be
obtained in the lower portion of the chamber and MB/MS measurements in the upper
portion (the quartz sampler is rigidly attached to the chamber separator cone). In order
to access these two positions, the burner was mounted on a x-@ translation stage that
allowed horizontal centering of the burner (accuracy to within one degree) and z-motion
(scanning the distance between the diagnostics and the burner surface). The translation
stage permitted the diagnostics to remain stationery as the burner was scanned (vertical
precision of less than 50 micron) during the profile measurements. The burner was
water cooled to maintain a constant temperature as measured by imbedded Alumel-
Chromel thermocouples.

The reactant gases were of commercial high-purity grade and were metered by
mass flow controllers (calibrated with a wet test meter) and premixed in the burner prior
to passing through the flat 6-cm diameter sintered stainless steel plug in the center of the
burner surface. Gas flow rates for CoHy, O and Ar of 0.4, 1.2 and 2.8 liter/minute
(STP), respectively, were used which resulted in linear flow velocities on the order of
120 cm/second, well within the laminar regime (Reynolds number of 110).

The schematic for the layout of the laser-based diagnostics is given in Figure 2.
The excimer-pumped dye laser system equipped with second harmonic generation
provided laser radiation both in the visible and ultraviolet. The laser beam was then
focussed over the center of the burner with 30- to 100-cm focal length lenses.

Laser-induced fluorescence was collected orthogonally to the excitation laser
beam and focussed with a 300-mm focal length lens onto the image plane of the
photomultiplier after passing an appropriate interference filter. The signal was then fed
into a boxcar integrator set for a 9-nsec gate (the short gate minimized the effect of
collisional quenching and/or energy transfer of the rotationally excited st»tes) and




plotted on a strip-chart recorder or fed to a digital oscilloscope (500 MHz) and PC-type
computer for recording. All LIF signals were obtained in the unsaturated regime so
therefore the laser probe energy was monitored by a photodiode and used to normalize
the signal. The REMPI signal was collected by the optogalvanic probe (an electrically
insulated 0.5 mm diameter platinum rod with an exposed tip as shown in Figure 3a).
The charge was detected as a voltage pulse across a 10 kQ resistor connected between

the probe and the negative bias voltage source (the anode for the circuit is the grounded

burner). The pulses with 15 ps decay were then amplified with a Tektronix 504

differential amplifier. Flame micophonics were minimized with bandpass (10 KHz to 1

MH?z) filtering. The signal was then processed in like manner as the LIF signal.

1

4
REMP] Boxcar
Probe %\ Integrator
“ Filter
‘Second Digital Strip Chart
Harmonic R Oscilloscope Recorder
Generator 6- Rotary
Stage l
Eya; Thermocouple PC-AT
. Digital 2~ Computer
Readout .
Translation
Excimer Stage
Laser
Delay
Generator
Figure 2. hem f r-B nd Thermocouple Diagnostic
f xperimen

Thermocouples were employed for flame temperature measurements. The
thermocouple consisted of 125 micron diameter platinum/platinum-10% rhodium wires
spot welded together to form a junction and coated with a noncatalytic beryllium/yttrium
oxide mixture (Kent 1970). As shown in Figure 3b the thermocouple wire was then
spot welded to the opposing arms of a V-shaped probe, one arm of which was spring
loaded to remove sag as the wire length changed with temperature. The thermocouple
was also corrected for radiation loss by using a measured diameter of 190 micron for




the coated thermocouple junction and 0.6 for the emissivity. Comparison with
previous OH rotational LIF temperature measurements indicates an uncertainty better
than 250 K in the region of peak temperatures (Sausa et al. 1991).

The mass spectrometer consisted of an Extrel C50 TQMS inline triple
quadrupole mass filter with a concentric-axis ionizer as shown schematically in Figure
1. Flame gases were prepared by sampling the flame through a conical quartz skimmer
with a 250 micron (approximate) diameter orifice. The gases expanded supersonically
into the first differential vacuum chamber with a background pressure of 5 x 10 Tor.
The expanding gases were then formed into a supersonic beam by collimation through
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Figure 3. Schematic of (a) REMPJ Probe and (b) Thermocouple




a second skimmer and into the ionization region of the first quadrupole maintained at 2
x 10 Torr. The beam was then modulated at 200 Hz with a tuning fork chopper and
ionized prior to entering the first quadrupole. The electron emission current was
maintained at 0.10 £0.01 mA and the nominal energy at 17.0 0.1 eV unless otherwise
noted. The drawout voltage from the ionizer was set at less that 1 Volt. These ionizing
conditions optimized and stabilized the modulated beam. A beamstop was included to
determine if the modulated beam was a molecular beam (modulation would cease with
beamstop activated) or an effusive beam (no change in modulation noted with beamstop
activated). The low ionization energy avoided dissociation of H,O present as
background or as 2 major flame product.

For ions that could be assigned unambiguously the triple quadrupole was
operated as a single quadrupole with mass filtering by either the first or third
quadrupole. For ions that required further identification by collision-induced
dissociation (CID), the first quadrupole selected ions of interest in the ionized beam.
These ions were then passed through the rf-only quadrupole where collision with argon
maintained at a pressure of 10°3 Torr occurred. Upon collision, selected ions
fragmented and the daughter fragments were analyzed in the third quadrupole. In both
cases (with/without CID), after traversing the quadrupoles the ion current was detected
with a continuous-dynode electron multiplier. Amplified current from the detector then
was processed with a lock-in amplifier. Phase sensitive detection allowed
discrimination of background gases and signal averaging to increase sensitivity.

3. RESULTS AND DISCUSSION

3.1 Temperature Measurements. As mentioned in the Experimental Section,

the thermocouples were corrected for radiation loss. Temperature correction from
radiation loss by the thermocouple junction was approximated by equating the heat
transferred to the thermocouple from the gases to that lost by radiation. The corrective
term is given by (Hayhurst and Kittelson 1977, Peterson 1981)

AT =Teq) - Tobs = £6d(Tops+ - Toh)2k )




where € is the emissivity of the coated thermocouple [taken to be 0.6 (Peterson 1981)],
G is the Stefan-Boltzmann constant, d is the diameter of the coated junction, k is the

thermal conductivity of the gases present at the sampling region (usually approximated
with values for air) and T, is approximately 300 K. The actual thermal conductivity at

each point in the flame was obtained as a function of temperature using empirical
expressions (Liley and Gambill 1973) and corrected for gas composition as measured
in this study. The value of k for the gas mixture varied from 8.41 x 107 t0 4.09 x
10 cal sec’! em1 K1, The uncertainty in temperature measurements was estimated to
be 50 K in the region of peak temperature and 10 K in the preheat region.

The thermocouple was mounted in two positions. The first position was at the
level of the laser diagnostics and the second was to within 1 mm in the radial dimension
of the quartz sampler tip at the same horizontal location of the orifice opening.
Temperature measurements in the flame at both positions are presented in Figure 4. It
shows approximately 200 K decrease in the region of highest temperature at the same
location in the flame when the quartz sampler was present. In the preheat region and
near the burner surface the temperatures were nearly the same. These results are
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contrasted with previous studies where nearly constant temperature differences were
observed throughout the flame zone (Biordi et al. 1973, Smith and Chandler 1986).
The reason for the difference between studies is not clear at this timé, but undoubtedly
is due to specifics of heat transfer due to quartz sampler and burner geometries and to
flame operating conditions.

3.2  Spectroscopic Measurements. All species were measured by molecular

beam mass spectrometry. The optical diagnostic, however, varied with each species
measured. The different optical spectroscopic diagnostics are given in Table 1. H-
atom concentration was obtained by REMPI excitation near 243 nm, O-atom by LIF
near 223 nm, and OH by LIF near 281 nm. OH radical has been the subject of many
LIF studies because its spectrum is well-known and the (A 3+ x 2II) transition is

Table 1. Detection Schemes Employed for Species Profiling (LIF and REMPI)

Excitation Emission
OH  281mm A« X2D(1,0) 313mm (1,1) band
0] 225.6 nm 2p33p 3p 2p4 3p 844.7 nm 2p33p 3p 53535
H 243 nm 25 ¢ 1s N/A (2+1) REMPI

easily accessible in the near ultraviolet. This radical is a simple diatomic which can be
modeled spectroscopically. It also appears to be ubiquitous in flame systems and play a
major role in reaction mechanisms.

Figure 5 shows the LIF excitation spectrum of the OH (A 25+ X 2I'I) (1,0)
band near 281 nm taken approximately 7 mm above the burner surface. The probe
laser intensity was attenuated in order to avoid saturation of the rotational transitions.
Fluorescence intensity measurements of several rotational lines as a function of laser
power yielded an energy dependence of one; thus, indicating that saturation did not
occur. During these measurements it was decided that the (1,0) band was more useful
than the stronger (0,0) band near 306 nm. This spectral region is less congested and
self absorption is minimized (self absorption can distort intensity relationships and also
prevent a local thermal equilibrium from being established).

9
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The experimental OH concentration profile was obtained by monitoring
rotational transitions relatively insensitive to temperature variations. These transitions
were calculated by the following relation (Eckbreth 1988):

J2 4+ - (kp/hcB,)T,, =0 Q)

where J is the rotational level, kg, h, c, B, spectroscopic constants and T,,, the average
flame temperature. Both the J = 6.5 and 7.5 lines of the R, branch of the (0,1)
transition were monitored and found to give equivalent results. For O-atom, the J =2
excitation line of the ground state was monitored.

3.2.1 H-atom. Figure 6 shows the H-atom profiles obtained using MB/MS and
REMPI (see Table 1). Since it is very difficult to directly quantify radical species

10
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such as H-atom, O-atom or OH with any of the experimental techniques available on

the instrument, the experimental profiles shown in Figures 6-8 are normalized to a

unity. In general, agreement between these two experimental techniques is quite good.
In the preheat region of the flame the REMPI profile "leads" the MB/MS profile. This
result is expected within the region of 0-3 mm above the burner surface since it has
been previously observed that with the quartz probe near the bumner surface a lower
concentration of radicals is observed due to the probe's interference in the process of
backward (toward the burner surface) diffusion (Revet et al. 1978). It is also expected
that radical, flame intermediates and product concentrations measured with the probe
nearly touching the burner surface (approximately 0 mm above the surface) will be zero

11




since the physical presence of the probe precludes the possibility of these species within
the sampled volume.

The REMPI profile drops somewhat below that obtained by MB/MS in the
region of the primary flame zone. This result may be the due to very large quenching
rates of the REMPI intermediate (two-photon) excited H(2p) state with other flame
intermediates prior to absorbance of the third photon and subsequent ionization
(Goldsmith et al. 1982, Bittner et al. 1988). It is also likely that the REMPI results in
the preheat zone (prior to 7 mm) may also be augmented by fuel and/or oxidizer
photolysis at the laser wavelength of 243 nm. In general, this possibility of
photochemical perturbation becomes a greater concern the larger the hydrocarbon
species present in the flame. As a matter of experimental protocol, the desired approach
of using high pulse energies to keep the photoionization rate high to minimize
quenching effects directly conflicts with the requirement to keep extraneous
photochemical effects low (low pulse energies) and thus complicates this diagnostic
technique. This possible problem and its extent are presently under detailed study.

3.2.2 OHRadical. OH radical has been the subject of many LIF studies
because its spectrum is well-known and the (A 3+ .x 2l"I) transition is easily
accessible in the near ultraviolet (see Table 1). This radical is a simple diatomic which
can be modeled spectroscopically. It also appears to be ubiquitous in flame systems
and plays a major role in reaction mechanisms.

The LIF OH concentration profile (excitation beam waist on the order of 100
micron) in Figure 7 was obtained by monitoring rotational transitions relatively
insensitive to temperature variations (Eckbreth 1988) as mentioned in the Experimental
Section. In general, the shape of the LIF and MB/MS profiles are in good agreement.
Each diagnostic, especially MB/MS, demonstrates a region near the burner surface
(between 3 and 7 mm above the surface) of enhanced concentration of OH (the height
above the burner surface where this feature is found is approximately the lower half of
the luminous zone of the flame).

This feature may be attributed to competition between the high temperature
formation of OH via the following chain-branching reactions,
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H+0,->0+0H 3)
and

O+H, > H+OH 4)
with the three body reactions of

H+0;+M->HO,+M &)
and

HO,+H+M —->20H+M (6

which are favored at lower temperature (Warnatz 1978). While the feature is not clearly
observed by LIF, detection by MB/MS clearly shows a peak of intensity at this height.

Ethylene-Oxygen-Argon Flame at 20 Torr

OH Concentration Profile
i
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Figure 7. Species Profiles of CoH4/Oo/Ar Flame at 20 Torr. OH
Qbtained by LIF (WD, js Compared with that Obtained by
Mass Spectrometry (O).

13




As with the H-atom profiles, in the preheat zone (0-7 mm) the LIF profile
"leads" the MB/MS profile. The delay of the MB/MS profile relative to that generated
by LIF is attributed to a lowering of the local flame temperature in the sample control
volume due to the probe (Revet et al. 1978). For the comparison with the LIF
technique, it is assumed that the laser probe is non-intrusive (the laser beam is heavily
attenuated to avoid saturated operating conditions for the single photon excitation) in the
flame environment and therefore no perturbations introduced.

Below 2 mm it is assumed, as with the case of H-atom, that as the tip of the
MB/MS probe approaches the burner surface that species originating higher in the flame
are less able to diffuse from around the probe tip. The concentration should then, as
demonstrated in Figure 7, diminish rapidly to zero. With mass spectrometry it is
therefore not possible to determine if species can back diffuse to the burner surface
itself with appreciable concentrations. This artifact is contrasted with LIF at 2 mm that
indicates more OH as being present near the burner surface and that the concentration is
decreasing at a slower rate than the MB/MS measurement.

3.2.3 O-atom. In Figure 8 are shown the profiles for O-atom (excitation laser beam
waist on the order of 100 micron). As with H-atom and OH, both detection methods
agree well in the burned gas region. Near the surface, as with OH, a peak of enhanced
O-atom concentration is found with MB/MS and not with LIF. Since this feature was
well-pronounced in the OH profile, an attempt was made to determine if it was
produced by electron-impact ionization of OH. The nominal electron energy was
lowered from 17 eV 0.5 eV FWHM (sufficiently low to prevent formation of OH
from H,0) to 13.6 eV, the threshold for forming O"'(4 S3p) from O-atom. At the lower
electron energy the feature was unchanged. We therefore concluded that these features
are present in both OH and O-atom profiles.

Since the MB/MS profile "leads" the LIF profile, an attempt to determine if
other species such as CH, could contribute to the m/z = 16 signal in the preheat and
flame zones. For this determination the first quadrupole was set at m/z = 16 at low
resolution and CID performed in the second quadrupole with mass analysis performed
by the third quadrupole. Scans of the third quadrupole had no indication of intensity at

14




Ethylene-Oxygen-Argon Flame at 20 Torr
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Figure 8. Species Profiles of CoH4/O4/Ar Flame at 20 Torr. O-Atom
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m/z = 12-15. The only observed signal was at m/z = 16. It was therefore concluded
that the signal was indeed from O-atom. Further work is underway to determine the
discrepancy in the LIF data.

The O-atom LIF profiles were determined under high photon flux conditions so
as to minimize quenching effects. However, as mentioned for the H-atom case, high
photon flux may lead to photochemical perturbation of the sampled volume. In
addition, it is possible that O-atom LIF results may have been affected by a recently
recognized phenomenon that is specific to three-level systems such as O-atom two-
photon LIF, namely, amplified spontaneous emission (ASE) (Alden et al. 1989). In
this situation, a population inversion can be created between the two-photon pumped
2p33p 3p upper state and the lower 3s 33 state to which it fluoresces such that the
normal LIF signal will be depleted in favor of ASE signal which will be emitted along
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the direction of the incident laser beam and not collected by the detector. The ASE
potential problem should be a function of total O-atom population as well as of laser
pump energy, which would argue that it would be greater in the flame zone region
(where O-atom concentrations are highest) rather than in the preheat region.
Unfortunately, the opposite is observed, thereby indicating that at the pump energies
involved that the relative proportion of the signal attributable to ASE is more dependent
upon photon flux. Clearly, these considerations indicate some of the difficulties and
uncertainties with regards to quantifying the optical diagnostic techniques.

4. SUMMARY

A detailed fla ne structure comparison between optical and mass spectrometric
techniques has been presented for the species H, OH and C for a stoichiometric
CoH4/O,/Ar flame at 20 Torr. Also described in this report is a new versatile low-
pressure burner system for studies of propellant-like fla- .2s. The instrument combines
different diagnostic tools to determine species concentration profiles in premixed
laminar flames. Qualitatively there is good agreement between optical and molecular
beamn mass spectrometric techniques. These three species profiles indicate that the
quartz sampler for MB/MS does not grossly affect the flame structure. However, they
do indicate that backward diffusion at the burner surface is prevented by the sampler's
physical presence and that measurements at or on the surface of the burner are not
possible for MB/MS. However, comparison of results measured by laser-based
diagnostics and by MB/MS of the C;H4/O,/Ar flame at 20 Torr invoke confidence
concerning the validity of using MB/MS profile data for flame structure elucidation and
model validation. The data also help refine the operating ranges of each technique.
Even though the techniques were shown to be equivalent in the burned gas region,
differences in concentration profiles were noted in preheat and flame front zones. It
was also noted that whereas MB/MS can monitor H-atom, O-atom and OH
concurrently, LIF and REMPI were of necessity performed separately for each radical
with a greater expenditure of time.
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